Cerebral blood flow was measured with xenon 133 in 21 fetal sheep and 14 newborn lambs under 48 hours old. When the ewe breathed air, the average gray matter blood flow in the fetuses was 70.6 ml/100 g/min, the average white matter blood flow 15.4 ml/100 g/min and average gray matter oxygen consumption 2.06 ml/100 g/min. The corresponding values in the newborn lambs were 87.2, 17.8, and 2.98 ml/100 g/min. A reduction of fetal Pao 2 by 7 to 11 mm Hg at a constant Paco 2 or an increase of Paco 2 at constant Pao 2 caused a rise in blood flow and arterial pressure and a fall in vascular resistance. Intravenous catecholamines caused variable changes in blood flow but no significant change in gray matter oxygen consumption. Occlusion of the umbilical cord caused an average increase in gray matter blood flow of 50% of control, in white matter blood flow of 30%, and in gray matter oxygen consumption of 90%. By the end of the first hour, these values had fallen and were then similar to those seen in the newborn lamb. These changes were not seen in fetuses in which both vagi had been cut nor in two fetuses with a failing circulation. • Very little is known about the control of the cerebral circulation in the fetus and newborn animal. It has been shown that carotid artery blood flow falls at birth in the sheep (1), and this is consistent with the observation that carotid artery blood flow increases with hypoxia and with hypercapnia, since in the newborn lamb, PaOj is higher ithan in the fetus and Paco 2 is somewhat lower. Carotid artery blood flow is, however, an inadequate' measure of cerebral blood flow and we have therefore measured cerebral blood flow more directly by a method which has been developed and extensively used in the adult (2). In this' paper, we give the results of a study of the factors which, from studies in adults, might affect blood flow in the mature fetus and newborn lamb and, in particular, the changes which occur when the umbilical cord is clamped and breathing starts. The finding that activity mediated by the vagus in the fetus affected resting cerebral blood flow, the flow response to changes in arterial CO 2 , and the changes at birth prompted a further study of the effects of vagal and other extrinsic neural activity on blood flow in the adult. These results have been separately reported (3).
the mature fetus and newborn lamb and, in particular, the changes which occur when the umbilical cord is clamped and breathing starts. The finding that activity mediated by the vagus in the fetus affected resting cerebral blood flow, the flow response to changes in arterial CO 2 , and the changes at birth prompted a further study of the effects of vagal and other extrinsic neural activity on blood flow in the adult. These results have been separately reported (3) .
Methods
Twenty-one fetuses from 19 Clun and Dorset ewes were studied. Their gestational ages were accurately known and ranged from 135 days until term (147 to 150 days). Nine of the ewes were anesthetized with pentobarbital sodium (Nembutal, Abbott), 30 mg/kg iv, and additional quantities were given through a radial vein cannula at a rate of approximately 4 mg/kg/ hour. The remaining ewes were given a spinal anesthetic, 4 to 8 ml 1% lidocaine (Xylocaine, Duncan Flockhart), and an intrathecal catheter was left in position for further anesthetic as required. In addition, 14 newborn lambs under 48 hours of age were studied: They were anesthe-
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tized with pentobarbital sodium, 7 to 10 ing/kg ip.
The ewe's abdomen was opened with a high flank incision, the uterus exposed and its wall stitched to the abdominal wall. It was opened and the fetus delivered onto a warmed pad. Radiant heat was given to avoid shivering and to maintain rectal temperature at 38 ± 0.5°C. This temperature, although 1.5 to 2.0°C lower than that in utero, was chosen as being more appropriate for the fetus after birth when breathing spontaneously. Fetal respiratory efforts were rendered ineffective by placing a saline-filled condom over the head.
The fetuses from both groups of ewes-those given pentobarbital and those given a spinal anesthetic-reacted similarly to manipulation when first removed from the uterus. They then settled and most were unresponsive to the surgery necessary for the cannulation of vessels. When fetuses did respond, they were given a small subcutaneous injection of 0.5 to 1.0 ml 1% lidocaine over the cannulation sites. The fetuses then lay quietly throughout the experiment and responded with writhing or shaking movements only when the umbilical cord was clamped. The trachea was cannulated with a curved stainless steel cannula closed with a small saline-filled bag. When the umbilical cord was clamped, this bag was removed, fluid was aspirated from the trachea and the fetus was free to breathe.
The femoral artery was cannulated with a catheter approximately 25 cm long of polyethylene tube, 1.77 mm i.d., and arterial pressure was continuously measured with a Statham P23AC transducer. The frequency response of the catheter-strain gauge-recorder system was 30 cps or better: the degree of damping was 0.71. Mean arterial pressure was obtained electronically. In ten fetuses, the sagittal sinus was punctured anterior to the lambdoid suture with a stainless steel trocar and cannula, 1.2 mm i.d. The cannula was left in position and connected by a 7-cm length of polyethylene tubing of the same internal diameter to a stopcock and a Statham PM131TC transducer. The frequency response of this system was 30 cps or better. For both vascular measurements, zero reference was taken as the midpoint of the fetal thorax. Cerebral vascular resistance was calculated from the ratio of the pressure drop across the vascular bed and blood flow, AP/F (mm Hg/ml/100 g/min). Blood samples were usually taken from the carotid artery and sagittal sinus at the midpoint of the blood flow measurement.
The left superior thyroid artery was cannulated with a fine polyethylene cannula whose tip lay at the origin of this artery at the common carotid artery.
Fetal Pao 2 and Paco 2 were altered by adding CO 2 to the ewe's inspired air or by giving Oo-N 2 mixtures to inhale. Blood gas tension in the newborn lambs was similarly altered. End-tidal Pco 2 in both ewes and lambs was continuously monitored with a Beckman LB1 infrared analyzer. Arterial blood gas tensions were measured serially after a gas change. In general, blood gas tensions became steady at a new level some 7 to 9 minutes after a gas change. When Pco 2 was altered in fetus or newborn lamb, arterial pH was not controlled.
From a 1-ml blood sample, Po 2 and Pco 2 were immediately measured at 38°C with Radiometer electrodes calibrated with O 2 -N 2 and CO 2 -air mixtures of known composition. pH was measured with an E.I.L. capillary electrode and Vibron electrometer. The oxygen content of arterial and venous samples was measured from 50-/xliter aliquots by a Beckman GC2A gas chromatograph and blood gas accessory. We used a single column of firebrick and molecular sieve, an operating temperature of 70°F, and a current of 240 mamp. With this combination and at maximum attenuation, the oxygen content of fetal arterial blood gave peaks of up to three quarters of 24-cm fullscale deflection on the Honeywell slow recorder. The mean coefficient of variation of 23 measurements of oxygen content in six samples of blood whose content ranged from 3.5 to 8.7 ml/100 ml was 0.27%. We confirmed that a linear relation existed between peak height and oxygen content and that this passed through the origin.
Measurement of Cerebral Blood Floiv.-Approximately 50 fi.c xenon 138 in 1.0 ml saline was injected into the common carotid artery via the superior thyroid artery cannula at a steady rate for 15 sec3nds. After a steady plateau of activity had been obtained, the injection was stopped. The subsequent exponential decay of intracerebral activity was measured for 10 to 15 minutes with a Nal, thallium-activated scintillation detector (4-cm diameter, 2.5 cm thick) placed over the midparietal area on the same side as the injection. The counter vvas connected to a ratemeter with a variable time constant and a slow Panax recorder. The input selector time was set to 4 fj.sec, the E.H.T. voltage setting for 725 v, and the pulse height selector was set to 50 kev to exclude the radiation from the internal conversion of xenon 138 to 30-kev x-rays. A time constant of 1 second was used for the first 2 to 3 minutes of the decay curve and one of 3.3 seconds for the remainder.
It was estimated that the volume of saline injected at this rate constituted between one-fifth and one-tenth of carotid artery blood flow. In three preliminary experiments in which the lingual artery was catheterized, it was established that injection of saline at this rate did not raise the pressure within the external carotid-carotid sinus segment.
Although multiple injections of xenon were made, provided that ventilation of the laboratory was adequate and with the exceptions noted below, background activity remained low and constant throughout the experiment. Activity tended to rise with time over the orbit. The external counter was therefore placed over the midpoint between external auditory meatus and sagittal sinus. A 2-cm collimator was used and additional lead sheeting was molded over the fetal head. The counter was angled so that the parietal and part of the temporal lobes of the ipsilateral hemisphere were counted.
The decay curve was plotted semilogarithmically and yielded two straight lines, a fast and a slow component, the half times of whose slopes were approximately 1 and 5 minutes respectively (Fig.  1) . X, the brain:blood partition coefficient for xenon, was calculated from the results of four invitro experiments using the methods described by Veall and Mallet (4) ( Table 1) . From the measurement of the solubility of xenon in plasma and in red cells, the effect of hematocrit upon X was calculated, and this is shown in Figure 2 . Relation between \ and arterial hematocrit. Curves, from top down, are for white matter, whole brain, and gray matter.
From this nomogram, all values for X, and therefore for blood flow, were corrected. For reasons given below, we believe that the fast and slow components of the xenon decay curve represent blood flow through gray and white matter in the fetus as in other species so far studied (5). Gray or white matter blood flow was therefore calculated Blood flow (ml/100 g/min) = X X _ loge~ .
where X is the brain:blood partition coefficient (gray or white matter) and Ti^ the half time of the fast or slow component respectively. Gray matter oxygen consumption was calculated as the product of gray matter blood flow Values are means ± SD; n = 4.
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and the carotid artery-sagittal sinus oxygen content difference.
PROCEDURES AND TESTS OF THE METHOD
Contamination from Extracranial Tissues.-In six fetuses, the sagittal sinus was cannulated just proximal to the confluence of the sinuses. The cannula consisted of an 8-cm length of thinwalled nylon catheter, 6 mm o.d., with a sidearm for measuring pressure and sampling blood. Sagittal sinus blood was directed through this catheter into a flexible cannula in an external jugular vein. In these fetuses, the external carotid artery on the right side was dissected until the origin of the internal maxillary artery was exposed. The external carotid artery beyond this point was cannulated via a small muscular branch and, through this cannula, 5 mg of Evans blue in 1 ml normal saline was injected. For 30 seconds after this injection, blood was withdrawn through the sidearm of the sagittal sinus cannula through the cuvette of a Kipp oximeter. This test was repeated on ten occasions in the six fetuses, and on no occasion was Evans blue detected in sagittal sinus blood. Thus it appeared that blood draining the temporal and parietal areas supplied by the external carotid artery did not drain into the sagittal sinus.
A further test was carried out in three fetuses to determine whether or how far xenon 133 activity in extracranial blood vessels affected the decay curve of intracranial activity. Cerebral blood flow was measured under control conditions and the measurement was repeated in each fetus after the successive removal of scalp, bone, and dura mater from the area under the external counter. We noted (1) that in contrast to the adult, cutting the fetal scalp was accompanied by virtually no bleeding; (2) there was no significant change in the values calculated from the washout curves (such changes as were observed were small and fell within the experimental error of the method); (3) if significant activity in extracranial tissue had been present, it is likely that additional components would have been present in the decay curve, since such components were invariably observed when the counter was placed, for example, over the orbit. The fact that such components were not observed over the intact parietal region and that the configuration of the decay curve was unaffected by removal of tissues under the counter suggests that extracranial activity is unlikely to have contributed significantly to the total activity counted.
In the adult sheep, perfusion of cerebral vessels occurs principally from the internal maxillary branch of the external carotid artery and vertebral arteries, the internal carotid artery being closed (6) . In 11 fetuses and in 2 newborn lambs under 48 hours of age, we confirmed that the internal carotid artery was patent.
Significance of the Fast and Slow Components of the Xenon
133
Washout Curve.-This was tested in four fetal sheep and in one newborn lamb using the method described by Nilsson (5) . Xenon 133 in 30 /^liters normal saline dyed with trypan blue to mark the site of injection was injected into the cortex under the external counter. The resulting decay curve plotted semilogarithmically consisted of one component, the slope of which was approximately the same as that of the fast component of the curve from intraarterial injection of xenon 133 (without dye) at the same blood gas tensions. Similarly, injection of xenon 133 locally into subcortical areas gave rise to single exponential curves; the slopes of the semilogarithmic plots had half times varying between 4.5 and 6.7 minutes. These were similar to the slow component of the washout curve after intraarterial injection of xenon 133 . The values of these half times did not vary when the volume of the locally injected bolus was varied between 20 and 55 yuliters. The results of these tests provide evidence that the fast and slow components of the decay curve following intraarterial injection of xenon 133 represents perfusion of gray and white matter, respectively, and the convention of referring to gray matter and white matter flow will be adopted.
Recirculation of Xenon' 33 .-This possibility was tested in three ways. (1) It is known that if xenon 133 in significant quantities recirculates in the adult after one passage through the lungs, a third component is introduced into the washout curve with a half time of 15 to 35 minutes (7) . Similarly, a third component will be seen if the washout curve is contaminated by activity from other than cerebral tissues having a different solubility for xenon or different rates of blood perfusion. Such a third component was seen in only five experiments and, each time, which was always toward the end of the experiment, there was other evidence, e.g. a slowly falling blood pressure, that the preparation was failing.
(2) In three experiments, we cannulated a branch of the common carotid artery that supplied prevertebral muscles and originated proximal to the superior thyroid artery. Xenon 133 was injected in the usual way through the superior thyroid artery and serial blood samples from the proximal part of the common carotid artery were then taken. The activity in such blood samples was never higher than background.
(3) We injected xenon 133 in quantities comparable to those injected into the common carotid artery for the measurement of cerebral blood flow into the right radial or external jugular vein of the fetus. Very little of this might have been expected to flow through the foramen ovale or lungs to the left side of the heart and thence to the brain (8) . In fact, on no occasion did such a maneuver produce any rise in intracerebral radioactivity. By contrast, when a similar quantity of xenon 133 was injected into the femoral vein, a peak of activity was measured over the midparietal area. These results suggest that the great majority of xenon 133 injected into the carotid artery drains from the brain into the jugular veins and passes through the right ventricle and ductus arteriosus and descending aorta and is then lost to the mother in one circulation through the umbilical vessels. This was confirmed by the finding of one large peak of activity in the mother's expired air approximately 35 seconds after xenon 133 had been injected into the fetal carotid artery.
Errors of the Method.-In most experiments, the semilogarithmic plot of the tracer desaturation curves could be resolved into two straight lines, to which slopes could be assigned by eye (Fig. 1 ). These were unaffected by the period for which xenon 133 was injected within the range 5 to 60 seconds. If xenon was injected at the slower rate, proportionately more points contributed to the slow component and fewer to the fast. Therefore, to derive a satisfactory curve for the fast component, the period of injection was reduced to 15 seconds. The error of this method of graphic analysis was assessed by comparing the values for slopes of the fast and slow components assigned to a series of randomly selected curves by one observer on two separate occasions. The percent error for the slow component (range of blood flow, 13 to 37 ml/100 g/min) was 4.9; that for the fast component (range of blood flow, 41 to 121 ml/100 g/min) was 7.55. The experimental error, which includes the graphic error, was obtained from ten consecutive measurements of cerebral blood flow under the same experimental conditions in one animal and was found to be 5.5% for the slow component and 13.8% for the fast component.
Results
NORMAL VALUES
These are given in Table 2 and may be summarized as follows. (1) The values for arterial blood gas tensions, pH, and blood pressure fall within the range previously reported in fetuses of this gestational age (9, 10), but it is recognized that exteriorization of the fetus leads to some impairment of placental gas exchange (11) . (2) The average values for gray matter, white matter and mean cerebral blood flows were significantly higher in the newborn lambs than in the fetuses, Circulation Research, Vol. XXV, December 1969 respectively P< 0.025, P< 0.025 and P< 0.005. (3) The average value for gray matter oxygen consumption was significantly higher in the newborn lambs than in the fetuses, P<0.001. (4) No significant difference was observed between the average values for cerebral blood flow in the group of fetuses whose mothers had been anesthetized with pentobarbital and those given a spinal anesthetic, P > 0.5. It should be noted that the values for blood flow and oxygen consumption were consistently higher in the newborn lambs than in the fetuses, although in the former Pao 2 was higher by an average of 54.3 mm Hg and Pacoo was lower by an average of 6.2 mm Hg. Figure 3 illustrates the results from one experiment in a 145-day fetus in which gray matter blood flow was measured as mean arterial pressure was altered in steps by bleeding and replacing the blood. At each step, fetal blood gas tensions were adjusted so that they were ±2 mm Hg of control. Over the range of mean arterial pressure 40 to 80 mm Hg, gray matter flow showed no significant change, but as mean arterial pressure was lowered below 40 mm Hg, blood flow fell. The results from an experiment in a 12-hour-old lamb are also shown in Figure 3 . Gray matter blood flow was unaffected by pressure over the range 45 to 90 mm Hg, but as mean arterial pressure was reduced below 40 mm Hg, blood flow fell in a fashion similar to that seen in the fetus. Seven other fetuses aged 135 days to term and six newborn lambs 4 to 48 hours after birth were studied in this way and in three fetuses and in two newborn lambs, the tests were repeated at levels of Pacoo between 4 and 11 mm Hg above control. In the tests at high CO 2 , gray matter blood flow was between 13 and 26 ml/100 g/min higher than control. In all the tests, at both high and at control levels of Paco 2 , gray matter blood flow was independent of changes in mean arterial pressure over the range 43 to 90 mm Hg (fetuses) and 45 to 93 mm Hg (newborn lambs). When mean arterial pressure was i ?
RELATION BETWEEN MEAN ARTERIAL PRESSURE AND CEREBRAL BLOOD FLOW
*n = 9 unless otherwise given, f n = 12 unless otherwise given, t n = 14 unless otherwise given.
CBb' = cerebral blood flow; GM = gray matter; M.A.P. = mean arterial pressure. Relation between gray matter blood flow (ml/100 g/min) and mean arterial pressure (M. lowered below 37 to 43 mm Hg, gray matter blood flow fell at varying rates. In four fetuses and two newborn lambs, gray matter blood flow was not measurable at 30 mm Hg; in the rest, including those at the higher CO 2 , at mean arterial pressure 25 to 35 mm Hg. blood flow had fallen by an average of 54% of the values at higher pressures. White matter blood flow was similarly independent of changes in blood pressure over the range 40 to 90 mm Hg in both fetuses and lambs at control and high CO 2 . As mean arterial pressure was lowered below 40 mm Hg, changes in white matter flow were proportionately less than those in gray matter flow. In three fetuses and two lambs, a 15% to 19% fall of flow was observed which was only slightly greater than the variation seen at high Circulation Research, Vol. XXV, December 1969 arterial pressure. In the other fetuses and newborn lambs, white matter flow fell by an average of 32% when mean arterial pressure was reduced to 25 to 35 mm Hg.
EFFECT OF CO: ON CEREBRAL BLOOD FLOW
The effect of altering Paco 2 at constant Pao2 was studied in nine fetuses and in five newborn lambs breathing spontaneously. The most obvious change in both fetuses and newborn lambs was in gray matter blood flow and an example of the change seen in a fetus and a newborn lamb is shown in Figure 4A Paco 2 was accompanied by a rise in arterial pressure of between 9 and 14 mm Hg. When these changes in arterial pressure are taken into account, the response to Paco 2 can be expressed as a change in gray matter vascular resistance (Fig. 4, B) . This figure confirms that a rise in Paco 2 to 45 mm Hg leads to a fall in vascular resistance. It should be noted that the near coincidence of the flow/Paco 2 and resistance/Paco2 curves shown in Figure 4 was because values for arterial pressure and gray matter blood flow were similar in fetus and newborn lamb. In general, as is shown in Table 2 , both mean arterial pressure and gray matter flow were higher in the lamb. The flow/Pacoo curves in the lamb were thus usually displaced above those of the fetus: the resistance/Paco 2 curves were positioned more like those of the fetus because of the similar increase in flow and mean arterial pressure. But, as is shown below, despite the displacement of the curves, the slope of the steep part of the flow and resistance/Paco 2 curves did not significantly differ between fetus and newborn lamb. Figure 4 shows an example of the gray matter blood flow response to Paco 2 in one of two fetuses in which there was evidence of deterioration. Mean arterial pressure had fallen to 38 mm Hg, Pao 2 to 14 mm Hg, and Paco 2 had risen to 48 mm Hg. Gray matter vascular resistance in the control period was lower than in the normal fetus, and there was virtually no increase in blood flow as Paco 2 was increased. In 13 tests in nine fetuses, the average slope of the steep part of the CO 2 response curve with Paco 2 >40 mm Hg (obtained by least squares) was 4.7 ml/100 g/min/mm Hg Paco 2 (SE±0.48). The corresponding slope of the corresponding part of the curve relating gray matter vascular resistance and Paco 2 was -0.045 resistance units (mm Hg/ml/100 g/ min)/mm Hg Paco 2 (SD± 0.002). In eight tests in five newborn lambs, the corresponding average values were 4.3 ml/100 g/min/mm Hg Paco 2 (SE±0.32) and -0.049 resistance FETAL CEREBRAL BLOOD FLOW 659 units per mm Hg Paco-j, respectively. The difference between the average values of these groups was not significant (P > 0.5).
Curves similar to that shown in Figure 4A were seen in one other fetus before breathing started and in four newborn lambs 1 to 3 hours after the umbilical cord had been clamped and breathing started. In all of these animals, there was evidence of circulatory failure. In two of the newborn lambs, the slope of the CO^ response curve was not measurable and, in the others was less than 1 ml/100 g/min/mm Hg Paco 2 over the range 45 to 70 mm Hg Paco 2 .
The increase in white matter blood flow was virtually linear over the range 38 to 55 mm Hg Pacoo in 13 tests in nine fetuses and in 8 tests in five newborn lambs. The slope of the curves varied between 0.75 and 1.3 ml/100 g/min/ mm Hg Paco 2 and each was significantly different from zero, df 3 to 5, t = 4.26 to 7.43, P < 0.025. The changes in vascular resistance were not significant.
The increase in mean cerebral blood flow was greatest within the range 40 to 58 mm Hg Paco 2 and, in the group of normal fetuses and newborn lambs, the average slope of the steep part of the curve was 2.4 ml/100 g/min/mm Hg Paco 2 . Values for mean cerebral blood flow were also obtained at higher levels of Paco 2 , i.e., up to 68 mm Hg in five fetuses and in three newborn lambs. In six of these animals the rate at which mean cerebral blood flow increased with CO 2 declined when Paco 2 was about 55 mm Hg.
In five fetuses, the increase in gray matter blood flow with CO 2 almost exactly matched the fall in the carotid artery-sagittal sinus oxygen content difference. There was therefore no evidence that, over the range of Paco 2 tested, gray matter oxygen consumption was affected.
EFFECT OF ALTERING Poo? UPON BLOOD FLOW
Arterial Pao 2 was reduced on 14 occasions in eight fetuses by 7 to 15 mm Hg at constant Paco 2 . The cardiovascular response consisted of tachycardia and hypertension. The changes in gray matter, white matter and mean cerebral flow are summarized in Table 3 . The increases in gray matter and mean cerebral blood flows are significant; that in white matter is not. A fall in Pao 2 was associated with a significant fall in gray matter vascular resistance (P<0.025).
Gray matter A-V O 2 difference was measured in four fetuses before and during hypoxia; oxygen consumption was unaffected in this range.
EFFECT OF INFUSING CATECHOLAMINES
The qualitative response to the infusion of catecholamines was studied in nine fetuses and in two newborn lambs. Adrenaline (epinephrine) bitartrate B.P. and Z-norepinephrine bitartrate (Levophed, Bayer) were infused into the femoral vein at a constant rate of 10 //.g/min. The effects of these infusions on cerebral blood flow and arterial blood pressure are summarized in Table 4 . Epinephrine caused an average increase in arterial blood pressure of 16 mm Hg, but no significant changes in cerebral blood flow or in cerebral oxygen consumption. Norepinephrine caused an average increase in arterial pressure of 21 mm Hg and a significant rise in gray matter blood flow. White matter blood flow and oxygen consumption were not significantly affected.
Epinephrine caused a fall in Pao 2 of 3 to 6 mm Hg, a rise in Paco 2 of 2 to 4 mm Hg and a fall in pH of 0.05 to 0.22 units. Norepinephrine caused no change in blood gas tensions or pH. Neither amine caused any visible change in umbilical blood vessels.
EFFECT OF OCCLUDING THE UMBILICAL CORD
The effect of occluding the umbilical cord on cerebral blood flow is summarized in Table  5 and on gray matter oxygen consumption in Table 6 . In 15 out of the 21 fetuses studied, occlusion of the umbilical cord led to a significant increase in gray matter, white matter and mean cerebral blood flows. In the six other fetuses, F, G, J, R, T, and U, no significant changes in blood flow occurred. In four of these, both vagi had been cut in the neck earlier in the experiment and in R and U there was evidence of circulatory failure with a low Paoo, pH and mean arterial pressure and a high Paco 2 -If these six fetuses are excluded, the average increase in gray matter blood flow was 48%, and in white matter blood flow, 34%, of control; the mean increase in all 21 fetuses was, however, significant. During the period of 45 seconds to 2 minutes immediately after the cord was clamped and before the fetus started to breathe, carotid Pao 2 fell by an average of 9 mm Hg. Paco 2 rose by an average of 4.5 mm Hg and, in the seven fetuses in which it was measured, sagittal sinus pressure rose by an average of 5.2 mm Hg. Arterial pressure rose by an average of 12 mm Hg (range 9 to 17 mm Hg) but by the tenth minute, it had settled to the levels shown in Table 5 . The average gray matter vascular resistance before occlusion of the cord was 1.08 resistance units SE ± 0.23 and, after cord occlusion 0.7 resistance units SE ± 0.04. The fall in resistance was significant (£ = 4.4, P< 0.001). The corresponding values for white matter vascular resistance were 5.36 resistance units SE±0.31 and 3.34 resistance units SE±0.17: the fall in vascular resistance was significant (t = 4.7, P<0.001).
Effect of Umbilical Cord Occlusion on Cerebral Blood Flow in SI Fetuses
Changes in gray matter oxygen consumption were measured in 12 fetuses. In two of these, J and T, the vagi had been cut and in R and U there was evidence that the circulation was failing. In none of these fetuses was there any significant change in oxygen consumption observed at 10 minutes or 1 hour after the cord was clamped.
In the remaining fetuses, oxygen consumption approximately doubled immediately following occlusion of the cord. By 1 hour after the cord had been clamped and breathing had started, gray matter oxygen consumption had fallen to an intermediate average value of 2.75 ml/100 g/min. This was not significantly lower than that found in the group of newborn lambs in Table 2 (P>0.5).
EFFECT OF BILATERAL VAGOTOMY
The finding that bilateral vagotomy in the fetus abolished the increase in gray matter blood flow and oxygen consumption at birth suggested that activity mediated by the vagi led to cerebral vasodilatation. Accordingly, further tests were carried out in seven fetuses and six newborn lambs. Within the physiological range of blood gas tensions, pH, and arterial pressure, bilateral vagotomy in the neck caused an average fall in gray matter blood flow of 17% of control, range 9% to 21%. This reduction in blood flow was significant (P < 0.001). This reduction in blood flow was accompanied by a rise in arterial blood pressure of between 4 and 11 mm Hg.
The effects of vagotomy were studied on the vascular response to changes in Paco 2 . The results from one experiment in a fetus of 140 days gestation are illustrated in Figure 5 . In this experiment, vagotomy caused an approximately threefold reduction in the slope of the gray matter flow/Paco 2 curve, from 3.7 to 1.2 ml/100 g/min/mm Hg Paco 2 . Figure 5 , B, shows that when the accompanying changes in arterial pressure were taken into account, the slope of the regression of gray matter vascular resistance upon PacO2 was reduced from -0.048 to -0.014 resistance units per mm Hg Pacoo. The response of white matter blood flow to vagotomy was, by comparison, relatively small, a fall of 5% to 8% of control. No significant changes in the slope of white matter flow or vascular resistance to Paco 2 were noticed after vagotomy nor was the response in the newborn lambs significantly different from that in the fetuses.
In the fetuses and newborn lambs the average slope of the steep part of the gray matter response curve to CO 2 was 4.3 ml/100 g/min (SE±0.30) and after vagotomy the average slope was 1.3 ml/100 g/min (SE±0.17).
The difference is significant (P < 0.001). Similarly, vagotomy caused a significant reduction in the slope relating gray matter vascular resistance and Paco 2 from an average value of -0.042 to -0.018 units/mm Hg Paco 2 (P<0.001). by activity in extracranial tissues is negligible with the dosage employed. Similarly, cerebral flow can be measured by this method satisfactorily in the newborn lamb. In older lambs (more than 3 months old), however, intraarterial injection of xenon 183 gives rise to washout curves which cannot be interpreted by simple exponential stripping because of the presence of three or more components which probably reflect increased blood flow to extracranial tissues, e.g., jaw muscles or orbital fat, which have markedly different rates of perfusion and solubility for xenon from brain. For this reason, comparative studies in the adult have been carried out in a different species in which the intra-and extracranial circulations are virtually separate (3) .
Analysis of the tracer desaturation curves in the fetus yielded two components with half times very similar to those reported in man Circulation Research, Vol. XXV, December 1969 (12) . As in the adult dog (5), the adult cat (13) , and man (14) , evidence has been obtained in the fetus that the fast and slow components of the washout curve represent blood flow through gray and white matter, respectively. Calculated values for mean cerebral blood flow clearly can refer only to the region counted, since there is no evidence that the cortex is uniformly perfused.
NORMAL VALUES
The values for gray matter and mean cerebral blood flow obtained in the fetus during the control period are lower than those reported in man (12) and in the adult baboon (3) . The relation between gray and white matter blood flow is similar, however. In addition, fetal gray matter oxygen consumption is probably low by adult standards. The rate in the adult is not known but is unlikely to be less than the mean value for the whole brain, 3.0 to 3.5 ml/100 g/min (15) .
There are at least two reasons why the fetal values for blood flow and oxygen consumption are low. First, they may have been depressed by the barbiturate given to the mother since such a reduction is known to occur in the adult when barbiturates are given in large doses (16) . Against this proposition is the fact that no significant difference was observed for the values for cerebral blood flow or oxygen consumption between the group of fetuses whose mothers had been given a barbiturate and those given a spinal anesthetic. Further, it has been shown that pentobarbital sodium, given in the doses used in this study, is without effect on cerebral blood flow in the adult (17, 18) . In addition, the average values for both cerebral blood flow and oxygen consumption in the newborn lambs, all of which had been anesthetized with pentobarbital sodium, were consistently higher than those in the fetus.
A second possibility which would explain the low fetal values for gray matter oxygen consumption is that sagittal sinus blood was contaminated by blood draining extracranial tissues. Some evidence suggests that (1) in the fetus, extracranial blood flow is small in comparison with cerebral blood flow and (2) such contamination does not arise from temporal or parietal areas. This evidence, however, clearly does not exclude the possibility that the sagittal sinus drains other extracranial structures, e.g. the face or orbit. For this reason, therefore, the absolute values for gray matter oxygen consumption must be treated with reserve.
The question of contamination of sagittal sinus blood also applies to the newborn lamb, and the fact that gray matter oxygen consumption was uniformly higher than in the fetus makes it probable that the observation that fetal oxygen consumption is low by adult standards and that it does rise at birth is not an artifact. The large increase in gray matter oxygen consumption immediately after birth is probably accounted for, in part, by the replenishment of oxygen reserves depleted during the period of asphyxia between occlusion of the umbilical cord and the onset of respiration. However, by 1 hour after birth, both gray matter blood flow and oxygen consumption and white matter blood flow are higher than in the fetus and are similar to those obtained in the newborn lamb. Blood flow in the carotid artery has been measured in the sheep fetus and in the newborn lamb (1), but it is a matter of complete conjecture as to the proportion of this which perfuses the brain. On the other hand, our results are consistent with those of in-vitro studies in the dog and rat (19) (20) (21) , in which cerebral oxygen consumption in the newborn animal is approximately half that of the adult. Oxygen consumption then rises to a peak at or before sexual maturity and then falls to steady levels in the adult.
If the low level of cerebral oxygen consumption in the fetus can be confirmed in other species, it may explain, in part, the tolerance of the fetus and newborn to hypoxia, and this would be reinforced if it could also be shown that fetal brain cells can respire anaerobically.
REGULATION OF CEREBRAL BLOOD FLOW IN THE FETUS
As in the adult (22, 23) , hypoxia and hypercapnia cause a rise in cerebral blood flow. The interpretation of this observation in terms of changes in vascular tone or resistance is complicated by the fact that arterial blood pressure also rose. The fact that blood flow increased in response to a rise in CO 2 proportionately more than pressure and that vascular resistance, calculated from the ratio A P/F, fell linearly is not by itself conclusive evidence of active cerebral vasodilatation, since it could be argued that a rise in pressure is accompanied by a passive dilatation of the vessels with a correspondingly large increase in blood flow. Further, the ratio A P/F inadequately defines changes in vascular resistance when, as in the present study, both pressure and flow are changing nonlinearly.
On the other hand, we have shown (Fig. 3 ) that within the physiological range, cerebral blood flow is independent of pressure, and this indicates that cerebral vessels constrict as pressure is raised. This not only makes passive dilatation of blood vessels in the face of a rise in blood pressure accompanying hypoxia or hypercapnia unlikely but makes the observed rise in blood flow under these conditions even more significant.
The observation that bilateral vagotomy causes a fall in resting blood flow and a reduction of the blood flow response to an increase in CO 2 is of importance for three reasons. (1) It indicates that activity mediated by the vagus nerves is important under control conditions, since there were no other changes, e.g. of blood gas tensions, pH, or arterial pressure which could have accounted for the fall in cerebral blood flow observed in all the fetal and newborn lambs tested. (2) The observation that the rise in blood flow and fall in vascular resistance in response to an increase in CO 2 are reduced following bilateral vagotomy reinforces the view presented in the previous paragraph that the rise in blood flow with CO2 under normal conditions is not a consequence of passive vasodilatation; and it provides evidence that activity mediated by the vagus nerves is involved in the vascular response to CO 2 . (3) Once it has been shown that vascular responses can be modified in this way by vagal activity, it is not proper to use the term autoregulation to describe the independence of pressure and flow as has frequently been done (for example by Harper [24]), because autoregulation implies an intrinsic property of blood vessels to maintain blood flow constant in the face of changes of perfusion pressure. Autoregulation of cerebral blood flow may exist, but proof of its existence can only be sought after all the extrinsic nerves have been blocked or divided.
The other group of animals in which the vascular response to CO 2 was drastically modified was that in which there was evidence of circulatory failure, a fall in arterial pressure, Pao 2 , and pH and a rise in Paco 2 . The mechanism of the failure to respond is unclear but may have been associated with a severe vasoconstriction in response to the hypotension. Whatever mechanism is involved, it is Circulation Research, Vol. XXV. December 1969 clear that such animals would be more than usually vulnerable to the effects of birth asphyxia, although this would to a certain extent be mitigated by the observed failure of gray matter oxygen consumption to rise when the umbilical cord was clamped.
CHANGES AT BIRTH
When the umbilical cord is clamped and when breathing starts, the cardiovascular response is extremely complex. In addition, there is clear evidence of asphyxia and the possibility that catecholamines are secreted (9) . Three of the many factors involved which might have caused the observed rise in cerebral blood flow and oxygen consumption have been studied. (1) The infusion of catecholamines caused variable changes in vascular resistance but these observations are of limited value because there were accompanying changes in arterial pressure, and in some instances, pressure rose to levels above those tested in the physiological range. Although the infusion of catecholamines caused changes in gray matter blood flow, there was no significant change in either white matter blood flow or in cerebral oxygen consumption. Since both of these increased at birth, it is probable that the contribution from naturally secreted catecholamines was small or negligible. (2) Similarly, it is unlikely that asphyxia at birth was responsible for the changes in blood flow or in oxygen consumption since (a) hypoxia or hypercapnia caused only slight changes in white matter blood flow; (b) hypoxia or hypercapnia of a degree seen at birth caused no change in gray matter oxygen consumption and (c) cerebral blood flow remained at consistently higher levels in the newborn lamb than in the fetus, although Pao 2 was considerably higher and Paco 2 was lower. (3) Finally, for the same reasons as have been given in a previous paragraph, it is unlikely that the rise in cerebral blood flow which occurred when the umbilical cord was clamped was due to the accompanying rise in arterial blood pressure.
These observations, with the fact that cerebral blood flow and oxygen consumption failed to rise at birth when the vagi had been cut earlier in the experiment, suggest that the changes seen at birth are dependent on activity mediated by the vagi. At the moment, it is not possible to say whether such activity affects the blood vessels reflexly or whether the vagal discharge causes a rise in cerebral functional activity to which the rise in blood flow and oxygen consumption is secondary. Nor is it known to what stimulus the receptors whose afferents run in the vagus nerves are responding. In addition to asphyxia, considerable changes in vascular pressures occur on both sides of the heart when the umbilical cord is clamped and when breathing starts. Further analysis will be required to determine which of these changes are important in initiating the changes in cerebral blood flow and oxygen consumption reported in this paper.
